Stone AJ, Copp SW, Kim JS, Kaufman MP. Combined, but not individual, blockade of ASIC3, P2X, and EP4 receptors attenuates the exercise pressor reflex in rats with freely perfused hindlimb muscles. J Appl Physiol 119: 1330 -1336. First published October 15, 2015 doi:10.1152/japplphysiol.00630.2015.-In healthy humans, tests of the hypothesis that lactic acid, PGE2, or ATP plays a role in evoking the exercise pressor reflex proved controversial. The findings in humans resembled ours in decerebrate rats that individual blockade of the receptors to lactic acid, PGE2, and ATP had only small effects on the exercise pressor reflex provided that the muscles were freely perfused. This similarity between humans and rats prompted us to test the hypothesis that in rats with freely perfused muscles combined receptor blockade is required to attenuate the exercise pressor reflex. We first compared the reflex before and after injecting either PPADS (10 mg/kg), a P2X receptor antagonist, APETx2 (100 g/kg), an activating acid-sensing ion channel 3 (ASIC) channel antagonist, or L161982 (2 g/kg), an EP4 receptor antagonist, into the arterial supply of the hindlimb of decerebrated rats. We then examined the effects of combined blockade of P2X receptors, ASIC3 channels, and EP4 receptors on the exercise pressor reflex using the same doses, intra-arterial route, and time course of antagonist injections as those used for individual blockade. We found that neither PPADS (n ϭ 5), APETx2 (n ϭ 6), nor L161982 (n ϭ 6) attenuated the reflex. In contrast, combined blockade of these receptors (n ϭ 7) attenuated the peak (227%, P Ͻ 0.019) and integrated (248%, P Ͻ 0.004) pressor components of the reflex. Combined blockade injected intravenously had no effect on the reflex. We conclude that combined blockade of P2X receptors, ASIC3 channels, and EP4 receptors on the endings of thin fiber muscle afferents is required to attenuate the exercise pressor reflex in rats with freely perfused hindlimbs. metaboreflex; chemoreflex; muscle afferents CONTRACTION OF LIMB MUSCLES evokes the "exercise pressor reflex," which is manifested by a constellation of autonomic effects including increases in arterial blood pressure, increases in heart rate, and increases in muscle and renal sympathetic nerve activity (5, 33, 37). Both mechanical and metabolic stimuli arising within the contracting muscles evoke the exercise pressor reflex, the sensory arm of which is comprised of group III (A␦) and group IV (C) afferents (6, 33). Substantial evidence exists in animals and humans demonstrating that the exercise pressor reflex plays an important role in causing the cardiovascular adjustments to exercise (1, 2, 5, 13, 14, 33, 38, 41) .
metaboreflex; chemoreflex; muscle afferents CONTRACTION OF LIMB MUSCLES evokes the "exercise pressor reflex," which is manifested by a constellation of autonomic effects including increases in arterial blood pressure, increases in heart rate, and increases in muscle and renal sympathetic nerve activity (5, 33, 37) . Both mechanical and metabolic stimuli arising within the contracting muscles evoke the exercise pressor reflex, the sensory arm of which is comprised of group III (A␦) and group IV (C) afferents (6, 33) . Substantial evidence exists in animals and humans demonstrating that the exercise pressor reflex plays an important role in causing the cardiovascular adjustments to exercise (1, 2, 5, 13, 14, 33, 38, 41) .
Both mechanical and metabolic stimuli appear to activate the group III and IV muscle afferents responsible for evoking the reflex (20, 21) . Prime candidates for the metabolites responsible for evoking the reflex include lactic acid by activating acid-sensing ion channel 3 (ASIC3) channels, prostaglandin (PG) E 2 by activating EP4 receptors, and adenosine triphosphate (ATP) by activating purinergic (P) 2X receptors. Each of these substances is produced by contraction, and each can be recovered from the muscles while they contract (3, 27, 34, 48, 55) . The evidence is strong that during exercise the concentration of each of the substances increases within the muscle interstitium, which is the location of many of the endings supplying group III and IV afferent fibers.
In healthy humans, tests of the hypothesis that lactic acid, PGE 2 , or ATP plays a significant role in evoking the exercise pressor reflex have proved controversial. For example, some investigators have reported that lactic acid plays a role in evoking the reflex (11, 46) , whereas others have reported that lactic acid plays no or little role in evoking the reflex (31, 57) . Likewise, some have reported that prostaglandins play a role (8, 12) , whereas others have reported that prostaglandins do not (4, 9, 10, 40) . Finally, some investigators have reported that ATP evokes the exercise pressor reflex (7), whereas others have reported that ATP plays little or no role in evoking the reflex (15) .
Examination of these reports suggested to us that even when a role was found for one of these metabolic by-products of contraction in evoking the exercise pressor reflex in humans that the effect was modest. In fact, when viewed together the findings in humans resembled our findings in decerebrate rats that blockade of the receptors to lactic acid, PGE 2 , and ATP, when initiated individually, had only a small, if any, effect on the exercise pressor reflex provided that the working muscles were freely perfused (54, 56, 60) . This similarity between humans and rats resulted in our generating the hypothesis that the stimulating effects of individual metabolites on the thin fiber muscle afferents evoking the exercise pressor reflex were redundant. Specifically, we hypothesized that removing the input of one metabolite onto the thin fiber afferents evoking the reflex would be compensated for by the input of other metabolites, and as a consequence the magnitude of the exercise pressor reflex would be little changed. We tested this hypothesis in decerebrate unanesthetized rats whose contracting hindlimb muscles were freely perfused. We compared the effects of combined blockade of the receptors to lactic acid, PGE 2 , and ATP with the effects of individual blockades of these receptors on the magnitude of the exercise pressor reflex.
College of Medicine. Adult male rats (Sprague-Dawley rats, n ϭ 29, weighing 415 Ϯ 11 g) were used in this study.
General Surgery
Rats were initially anesthetized with a mixture of 4% isoflurane and 100% oxygen. The trachea was cannulated, after which the lungs were mechanically ventilated (Harvard Apparatus) with the anesthetic mixture. The right jugular vein and both carotid arteries were cannulated. Arterial blood pressure was measured by attaching the right carotid arterial catheter to a pressure transducer (model P23 XL; Statham); heart rate was calculated beat to beat from the arterial pressure pulse (Gould Biotach). The left superficial epigastric artery was cannulated with a PE-8 catheter whose tip was placed near the junction of the femoral and superficial epigastric arteries. A reversible snare (2-0 silk suture) was placed around the left iliac artery and vein (i.e., proximal to the location of the catheter placed in the superficial epigastric artery). Arterial blood gases and pH were measured using an automated blood-gas analyzer (model ABL 80 FLEX; Radiometer). Arterial PCO 2 and pH were maintained within normal physiological range by either adjusting ventilation or intravenous administration of sodium bicarbonate (8.5%). Arterial PO2 varied between ϳ95-115 mmHg. Core body temperature was monitored using a rectal temperature probe and maintained at 37-38°C using a heat lamp.
The rats were then secured in a Kopf-customized spinal frame by clamps placed on the rostral lumbar vertebrae and the pelvis. A precollicular decerebration was performed by sectioning the brain less than 1 mm anterior to the superior colliculi. Dexamethasone (0.2 mg) was injected intravenously before the decerebration procedure to minimize brain stem edema. All neural tissue rostral to the section was removed. To minimize bleeding, small pieces of oxidized regenerated cellulose (Ethicon; Johnson & Johnson) were placed on the internal skull surface and the cranial cavity was packed with gauze. Immediately after the precollicular transection, gas anesthesia was discontinued and the rats' lungs were ventilated mechanically with room air. Experiments were performed in decerebrate, unanesthetized rats because anesthesia has been shown to depress the exercise pressor reflex in this species (51) . After decerebration, the rats were allowed to stabilize for at least 1 h before any experimental protocol was initiated. The left calcaneal bone was sectioned and was then attached to a force transducer (FT-10; Grass) to measure tension developed by the statically contracting triceps surae muscles. The left sciatic nerve in region of the popliteal fossa was surgically isolated by blunt dissection.
Experimental Protocols
Individual blockade. We first examined the effects of individually blocking P2X receptors, ASIC3 channels, and EP4 receptors on the exercise pressor reflex. The left hindlimb muscles were statically contracted for 30 s by electrically stimulating (40 Hz; 0.01 ms) the sciatic nerve. The current of the individual pulses applied to the sciatic nerve never exceeded twice the threshold current needed to evoke a muscle twitch. After waiting 10 min, we infused (20 l/min) PPADS (10 mg/kg), a P2X antagonist, into superficial epigastric artery while the snare around the iliac artery and vein was tightened. After an infusion period of 10 min, the snare was released and hindlimb muscles were freely perfused for another 10 min. Following that period, the leg was again statically contracted using the same parameters as those used for contraction before the drug infusion. This protocol is identical to that used previously by our laboratory (54) . All infusions were done with a CMA microdialysis pump. In a different group of rats, we injected APETx2 (100 g/kg; 0.1 ml), an ASIC3 antagonist, into the superficial epigastric artery while the snare around the iliac artery and vein was tightened. After 10 min the snare was released and the hindlimb was freely perfused for another 10 min. Following that period, the leg was again statically contracted using the same parameters as those used for contraction before the drug injection. This protocol is identical to that used previously by our laboratory (56) . In yet another group of rats, we injected L161982 (2 g/kg; 0.1 ml), an EP4 antagonist, into the superficial epigastric artery while the snare around the iliac artery and vein was tightened. After 5 min, the snare was released and the hindlimb was freely perfused for another 25 min. Following that period, the leg was again statically contracted using the same parameters as those used for contraction before the drug injection. This protocol is identical to that used previously by our laboratory (60) .
Combined blockade. We next examined the effects of combined blockade of ASIC3, PGE 2, and P2X receptors on the exercise pressor reflex in rats with freely perfused hindlimbs. The rats used in the combined blockade experiments were not used in the individual blockade experiments. We used the same doses of drugs and time courses of drug injections as those mentioned above for individual blockade experiments. L161982 was injected ten min after the first contraction. Ten minutes later, APETx2 was injected which was immediately followed by the infusion of PPADS. The hindlimb muscles were contracted again 10 min after all drugs were injected or, in other words, 40 min after the first contraction. The doses of the blocking agents used were shown previously to attenuate markedly the pressor responses to femoral artery injections of their respective agonists (54, 56, 60) . To control for the possibility that the drugs circulated to the spinal cord or brainstem to exert an attenuating effect on the exercises pressor reflex, we injected the same combination of drugs into the vena cava in a separate group of rats.
At the end of every experiment, rats were paralyzed with pancuronium bromide (1 mg/kg iv), and the sciatic nerve was stimulated with the same stimulation parameters as those used to induce muscle contraction. This was done to ensure that the pressor responses observed during contraction were not the result of electrical activation of the axons of thin fiber afferents in the sciatic nerve. Additionally, at the end of every experiment in which we injected antagonists into the superficial epigastric artery, blue dye was also injected into the superficial epigastric artery (0.1-0.2 ml) to ensure that the drugs did in fact travel to the triceps surae muscles.
Data analysis. In all experiments, baseline as well as reflex changes in mean arterial pressure, heart rate, and developed tension were recorded continuously with a Spike 2 data acquisition system (CED; Cambridge) and stored on a computer hard drive (Dell). Two methods were used to analyze the data. In the first, the peak pressor and cardioaccelerator responses to static contraction, regardless of where they occurred during the 30-s contraction period, were compared before and after pharmacological blockade. In the second method, the time courses of the pressor responses were analyzed. Specifically, the mean pressor responses for each second of the 30-s static contraction period were plotted and then compared before and after pharmacological blockade. Mean arterial pressure is expressed in millimeters mercury and heart rate is in beats per minute. The tension-time index was calculated by integrating the area between the tension trace and the baseline level and is expressed in kilogram seconds.
All values are expressed as means Ϯ SE. Statistical comparisons were performed with either a paired t-test for the first method or two-way repeated-measures ANOVA for the second method. If an overall F value was significant for the repeated-measures ANOVA, then post hoc tests were performed with the Holm-Sidak's tests between individual means. The criterion for statistical significance was set as P Ͻ 0.05.
RESULTS
In all experiments, electrical stimulation of the sciatic nerve in rats paralyzed by intravenous injection of pancuronium abolished the pressor response to static contraction that was evoked before paralysis. The currents, frequencies, and pulse durations used to stimulate the sciatic nerve after paralysis were the same as those used before paralysis. Likewise, in all experiments, blue dye injection into the superficial epigastric artery resulted in staining of the triceps surae muscles. These findings are consistent with the concept that the pressor responses to contraction were reflex in origin and were evoked by contraction of the triceps surae muscles. These findings are also consistent with the concept that injections into the superficial epigastric artery traveled to the triceps surae muscles.
Individual Blockade Experiments
Neither PPADS (n ϭ 5), APETx2 (n ϭ 6), nor L161982 (n ϭ 6) had any effect on the pressor or cardioaccelerator components of the exercise pressor reflex ( Fig. 1; Table 1 ). To be specific, none of the three blocking agents had a significant effect on the peak pressor response to contraction. Likewise, Fig. 1 . Pressor responses to static contraction before and after blockade of individual activating acid-sensing ion channel 3 (ASIC3), P2X, and EP4 receptors. Peak pressor responses to static contraction before and after PPADS (A; n ϭ 5), APETx2 (B; n ϭ 6), and L161982 (C; n ϭ 6). Time courses, plotted second by second, of the changes in mean arterial pressure (MAP) averaged for each second of contraction before and after PPADS (D), APETx2 (E), and L161982 (F). For purpose of illustration, SE bars were omitted. *Increases in MAP were significantly greater than their respective baseline levels in A-C. Baseline values (means Ϯ SE) for mean arterial pressure and heart rate (HR) are reported in italics next to peak change. ASIC3, activating acid-sensing ion channel 3; TTI, tension-time index. *P Ͻ 0.05, HR increased significantly over baseline values.
neither of three blocking agents had a significant main (ME) or interactive (INT) effect on the second by second increases in the pressor responses evoked during the 30-s contraction period (Fig. 1) . In addition, none of the three individual blockades had any effect on the small cardioaccelerator responses to static contraction (Table 1 ). The tension time indexes before and after injection of any of the three blocking agents, given individually, were not significantly different from each other ( Table 1) .
Combined Blockade Experiments
PPADS, APETx2, and L161982, injected in combination into the superficial epigastric artery, significantly reduced the peak pressor response to static contraction by 27 Ϯ 11% (P ϭ 0.019; Fig. 2A) . Second-by-second analysis revealed that the attenuation of the pressor response to contraction by the combined blockade was highly significant (main effect: P Ͻ 0.0001; Fig. 2C ). Moreover, integrating the area under the curve that plotted the increase in arterial pressure vs. time revealed that combined blockade decreased the overall pressor response to 30 s of contraction from 321 Ϯ 24 to 166 Ϯ 41 mmHg·s, values that represent a 48% reduction (n ϭ 7; P Ͻ 0.004). Combined blockade had no effect on the peak cardioaccelerator response to static contraction (Table 1) . Intravenous injection of PPADS, APETx2, and L161982 in the same doses as those injected into the superficial epigastric artery had no effect on the exercise pressor reflex (Fig. 2 , B and D; Table  1 ); this finding indicates that the attenuation of the reflex caused by combined blockade was not attributable to circulation of the three antagonists to the spinal cord or brainstem.
The tension time indexes before and after injection of any of the three blocking agents, given in combination, were not significantly different from each other (Table 1) .
DISCUSSION
The exercise pressor reflex has been shown to play an important role in evoking the cardiovascular responses to exercise in both humans (1, 38) and animals (5, 22, 33, 41, 42) . In our experiments in decerebrate rats, we found that individual blockade of ASIC3 receptors, EP4 receptors, or P2X receptors had minimal effects on the exercise pressor reflex. In contrast, when the three receptors were blocked simultaneously, the peak pressor response was reduced by 27% and the overall pressor component of the reflex was reduced by almost half (i.e., 48%). The doses of the blocking agents used in our experiments were unlikely to be "subthreshold" because these doses in previous studies from our laboratory attenuated by more than half the pressor responses to femoral arterial injections of large and presumably supraphysiological amounts of their respective agonists (54, 56, 60) .
Our finding that individual blockade of ASIC3, EP4, or P2X receptors on the endings of group III and IV afferents had no effect on the exercise pressor reflex, whereas combined blockade of these receptors attenuated the reflex by almost half in decerebrated unanesthetized rats with freely perfused hindlimbs, is consistent with the concept of redundant mechanisms controlling the cardiovascular system during exercise. This concept offers a reasonable explanation for our finding that removing the influence of one receptor had no effect on the exercise pressor reflex because the remaining input from other Fig. 2 . Pressor responses to static contraction before and after simultaneous blockade of ASIC3, P2X, and EP4 receptors. Peak pressor responses to static contraction before and after the combination of PPADS, APETx2, and L161982 injected into the femoral artery (A) and vena cava (B; n ϭ 7). Time courses, plotted second by second, of the changes in MAP averaged for each second of contraction before and after the combination of PPADS, APETx2, and L161982 injected into the femoral artery (C) and vena cava (D) (n ϭ 5). For purpose of illustration, standard error bars were omitted. *P Ͻ 0.05, increases in MAP were significantly than their respective baseline levels in A and B. †P Ͻ 0.05, significant attenuation in the peak pressor response after drugs compared with that before drugs.
receptors was sufficient to evoke the reflex at its preblockade magnitude. In contrast, simultaneously removing the influence of the three receptors reduced afferent input to the dorsal horn of the spinal cord to a level that was insufficient to maintain the expression of the reflex at its preblockade magnitude.
Although combined receptor blockade appreciably reduced the blood pressure response to contraction in our experiments, it had little effect on the cardioaccelerator response to contraction. One interpretation of this finding is that ASIC3, P2X, and EP4 receptors do not contribute to metaboreflex control of heart rate in rats. Alternatively, our finding that combined blockade did not decrease the cardioaccelerator response to contraction might be explained by the fact that the attenuated pressor response caused less baroreceptor stimulation than that before combined blockade. The reduced baroreflex, in turn, countered the effect on heart rate of a reduced exercise pressor reflex, resulting in the same cardioaccelerator response to contraction before and after combined blockade.
The concept of redundancy has been used to explain other findings concerning the cardiovascular responses to exercise. At first the concept was used to explain the fact that both the exercise pressor reflex and central command were capable of evoking the pressor and cardioaccelerator responses to static exercise (36) . Subsequently, the concept was extended to other exercise-induced effects, such as redundant adrenergic and muscarinic mechanisms initiating the pressor response to static exercise (39) and redundant vasodilator mechanisms initiating the hyperemic response to rhythmic forearm exercise (50) . In addition, the concept was extended to interpret the finding that the exercise pressor reflex and central command both reset the baroreceptor reflex (35, 43) .
Our findings in rats with ligated femoral arteries appear to parallel recent studies in humans in which blockade of either purinergic 2 receptors or cyclooxygenase attenuated the exercise pressor reflex in humans with either peripheral artery disease (40) or hypertension (15) but had minimal if any effect on their age matched healthy counterparts. Specifically, in rats with ligated femoral arteries, individual blockade of ASIC3, P2X, or EP4 receptors significantly attenuated the exercise pressor reflex, findings that contrast with those found in rats with freely perfused femoral arteries (54, 56, 60) . The reasons for this difference remain to be determined, but an increase in receptor number is a strong possibility. For example, in rats whose femoral arteries were ligated for 3 days, the number of ASIC3 and P2X3 receptors innervating the hindlimb muscles was increased (29, 30) . Another strong possibility is that femoral artery ligation causes a severe mismatch between blood/oxygen supply and demand in contracting muscles, thereby increasing production of the ischemic metabolites stimulating thin fiber muscle afferents.
We previously found in decerebrate cats with freely perfused hindlimb muscles that blocking individually the stimulating effects of ATP, lactic acid, or PGE 2 on thin fiber muscle afferents significantly attenuated the magnitude of the exercise pressor reflex (17-19, 24, 47) . In contrast, we now report that in decerebrate rats blocking individually the stimulating effects of these metabolites had no effect on the magnitude of the reflex. We can only speculate as to the reasons for the differences noted between each species but two possibilities come to mind. The first involves differences between receptor numbers on the endings of the thin fiber afferents, and the second involves differences in metabolite production during contraction. With respect to the first reason, ASIC3, P2X3, and EP4 receptors can be expected to be found on dorsal root ganglion cells of both rats and cats, but no comparison of their numbers has been made between the two species (49, 52, 58, 59) . With respect to the second reason, muscle interstitial concentrations of lactic acid, ATP, and PGE 2 have been measured in both cats and rats, but both the type and durations of the contractions differed greatly from that used in our experiments (26, 32, 58, 59) , making any comparison difficult if not impossible. In our experiments we were not able to measure the interstitial concentration of these metabolites because the contraction period of 30 s was too short to allow for enough interstitial fluid to be collected. Whatever the explanation for this species difference, we speculate that our findings from decerebrate rats with freely perfused hindlimb muscles appear to be more representative of the healthy human condition than do our findings in decerebrate cats with freely perfused hindlimb muscles.
Two recent reports by Light and colleagues (28, 45) have provided evidence that muscle metabolites have a synergistic effect on thin fiber muscle afferents evoking the exercise pressor reflex or the sensations of either fatigue or pain. In the first report, separately exposing cultured murine dorsal root ganglion cells to either lactate, protons, or ATP, in the same concentrations as those found in exercising muscle, had little effect on intracellular concentrations of calcium, a measure that was used as an index of activation (28) . In contrast, exposing murine dorsal root ganglion cells to a combination of the three metabolites, namely lactate, protons, and ATP, increased their intracellular calcium concentrations. In the second report, injecting lactate, protons, or ATP into the muscles of the human hand did not evoke reports of fatigue or pain, whereas combined injections did (45) .
We performed experiments that might be considered the reverse of those performed by Light and colleagues. Specifically, we prevented muscle metabolites from stimulating thin fiber afferents innervating contracting muscles, whereas Light and colleagues added muscle metabolites in concentrations representative of contraction and then examined the responses of the thin fiber afferents or reports of pain and fatigue. We believe that our findings are best explained by the concept of redundancy, which postulates that removing one metabolite at a time would have no effect on the exercise pressor reflex because the loss of the stimulating effect of one metabolite would be compensated by the stimulating effects of other metabolites. In contrast, the findings of Light and colleagues are best explained by the concept of synergy, which postulates that removing one metabolite at a time would be sufficient to prevent the reflex from being expressed because all three (i.e., PGE 2 , lactic acid, and ATP) are needed to stimulate the thin fiber muscle afferents evoking the reflex. At first glance, our findings might appear to conflict with those of Light and colleagues. However, our approach was to remove the stimulating effect of metabolites on the afferents, whereas the approach of Light and colleagues was to add them. Because of the difference in approaches, no conclusion should be drawn at the present time.
In conclusion, we found that combined blockade of ASIC3, EP4, and P2X receptors reduced the peak and integrated pressor response to contraction by 27 and 48%, respectively. The remaining half could be due to the contraction-induced stimulation of other receptors by muscle metabolites. Two possible candidates are the BK2 receptor whose natural agonist is bradykinin (44, 53) and TRPA1 receptors Combined Blockade of the Exercise Pressor Reflex • Stone AJ et al. 
